We investigate the emergence of the charge order in PrNiO3 below the metal-insulator transition using high resolution neutron powder diffraction data analyzed in terms of symmetry-adapted distortion modes. Our analysis allows to identify the contribution of the different modes to the global distortion in a broad temperature range (10-300K), and reveals an abrupt increase of all mode amplitudes at TMIT = TN =130K. It also uncovers a previously unnoticed anomalous temperature dependence of all mode amplitudes in the insulating phase which persists down to T = 0.6 × TMIT ∼ 80K. This unexpected behaviour suggests that the symmetry of the insulating phase could be actually lower, in line with the theoretically predicted appearance of additional ferroelectric distortions below TN .
We investigate the emergence of the charge order in PrNiO3 below the metal-insulator transition using high resolution neutron powder diffraction data analyzed in terms of symmetry-adapted distortion modes. Our analysis allows to identify the contribution of the different modes to the global distortion in a broad temperature range (10-300K), and reveals an abrupt increase of all mode amplitudes at TMIT = TN =130K. It also uncovers a previously unnoticed anomalous temperature dependence of all mode amplitudes in the insulating phase which persists down to T = 0.6 × TMIT ∼ 80K. This unexpected behaviour suggests that the symmetry of the insulating phase could be actually lower, in line with the theoretically predicted appearance of additional ferroelectric distortions below TN . The evolution of the physical properties at the crossover from localized to itinerant behavior in highlycorrelated electron systems remains a fundamental problem of solid-state physics and chemistry. RNiO 3 perovskites with R = trivalent 4f ion constitute a particularly well suited system to investigate this region because, in contrast to most oxide systems, a complete evolution between these two extremes can be achieved without doping. As shown in refs., [1] [2] [3] [4] [5] [6] [7] bulk nickelates with R = Pr
3+
to Lu 3+ display spontaneous metal to insulator transitions (MITs) at a temperatures T MIT from 130 to 600 K, allowing a continuous study of such fascinating crossover region in a particularly clean way.
8-14
In spite of intense research activity during the last 40 years, the origin of the spontaneous electronic localization observed below T MIT is still the subject of an intense debate. In particular, it is not clear what is the role of the lattice, magnetic and electronic degrees of freedom, and how their involvement changes along the series. The implication of the lattice in the MIT was pointed out already in 1991, after discovering the existence of abrupt volume anomalies at T MIT . 1, 6, 15, 16 Further support came from the observation of a large 16 O-18 O isotope effect on T MIT 17 and more recently from the possibility to control the MIT by exciting some particular vibrational phonon modes. 18 The Jahn-Teller (JT) configuration of Ni, which is formally trivalent in these compounds (t 2 g 6 eg 1 ), was believed to be at the origin of these observations . 19 Interestingly, the structural modifications observed below T MIT are not compatible with conventional JT distortions but rather with the splitting of the unique Ni 3+ site present in the metallic state into two Ni sites with different average Ni-O distances . 20 This has been interpreted as evidence of either, a 2Ni 20, 21 or a Ni-O bond disproportionation with constant charge (2+) at the Ni sites and distinct amounts of holes at the O sites.
22-25
The role of the magnetism is presently less clear, on one side because the MIT exists independently of the proximity of the antiferromagnetic state observed below T N ≤ T MIT , but also because of four recent reports suggesting the existence of new magnetic phases in TlNiO 3 26 and LaNiO 3 .
27-29 Moreover, there is increasing evidence suggesting that the gap does not open in the same way when T MIT > T N (Lu to Sm) than when the two transition temperatures coincide (Nd and Pr). This was first noticed in the early photoemission studies, where the fast disappearance of the density of states (DOS) in the vicinity of E F for the heavier nickelates contrasted with the persistence of non-zero DOS for PrNiO 3 and NdNiO 3 down to T ∼ 0.5 × T MIT . 30 Further experimental evidence in this sense is provided by the hysteretic behavior of the electrical resistivity and the optical conductivity at the MIT, usually larger when T MIT coincides with the Néel temperature. [31] [32] [33] [34] [35] [36] [37] [38] [39] These observations have led to the proposition that the MIT is first order when T MIT = T N , and only weakly first (or even second) order for the nickelates with T MIT = T N . 40 As a consequence, the existence of an hysteretic temperature domain has been often interpreted in terms of coexistence of the metallic (P bnm) and insulating (P 2 1 /n) phases .
41
The aim of this study is to shed new light on the order parameters involved in the MIT when T MIT = T N through a detailed re-investigation of the evolution of the crystal structure of PrNiO 3 across the transition. In contrast to early studies, we use here the symmetry-adapted distortion mode formalism to analyze the neutron powder diffraction data. [42] [43] [44] [45] [46] This approach has the advantage of enabling the decomposition of the global distortion of the crystal structure into contributions from the different modes with symmetries given by the irreducible representation of the undistorted parent space group. As a consequence, the evolution of the individual mode amplitudes across T MIT can be determined. Moreover, their temperature dependence can provide insight about their coupling above and below the transition.
Using this approach we show here that the coexistence of the P bnm and P 2 1 /n phases expected in the case of a 1 st order transition is only observed in a very small temperature range (T MIT ± 10 K). In contrast, we reveal a previously unnoticed transient regime characterized by the anomalous temperature dependence of several distortion mode amplitudes between T MIT and 80K. Based on these observations we suggest that this behavior could be the signature of the magnetism-induced polar lattice distortions predicted to appear below T N for all the members of the RNiO 3 family. The PrNiO 3 powder sample examined in this work was prepared using the oxygen high-pressure route described in ref.
1 In our analysis we combined two sets of neutron powder diffraction data. The first one, recorded at the high resolution powder diffractometer D2B at the Institut Laue Langevin in Grenoble, France, was the same used in reference . 49 The data were obtained using the high resolution mode, Ge[335] λ = 1.594Å (Q max = 7.77Å −1 ) and a He cryostat, whose contribution to the powder diffraction patterns was minimized by using a 5' Soller collimator. The second set was obtained at timeof-flight medium resolution diffractometer SEPD at Argonne National Laboratory, USA (Q max = 21.27Å −1 ) using a closed-cycle refrigerator. In both instruments several patterns were recorded between 10 K and RT. The sample was introduced in a V can (D = 6 mm) filled in a He glove box and sealed with indium. All patterns were recorded by heating after a stabilization time of 30 minutes with typical acquisition times 5-6 hours per temperature. Data recorded at the same temperatures were simultaneously refined using the Rietveld package FullProf Suite 50 and the symmetry-adapted distortion mode formalism. The mode decomposition was performed using the program AMPLIMODES, 42, 43 freely available at the Bilbao Crystallographic Server. [44] [45] [46] The fits revealed that the sample was very well crystallized and nearly free of impurities, apart a small amount (< 1%) of NiO. Below T N new reflections corresponding to the k = (1/2 0 1/2) magnetic propagation vector were observed. To describe them, a new phase corresponding to the collinear magnetic structure described in 51 was added to the fits. A representative patterns showing the refinement of the data obtained in SEPD at T = 100 K is shown in Fig. 1 .
The temperature dependence of the lattice parameters and the Ni magnetic moment of PrNiO 3 has been reported in the past from the analysis of low resolution neutron diffraction data and using the orthorhombic space group P bnm for the full temperature range . 15 Figs. 2a and b show the temperature dependence of the magnetic reflection (1/2 0 1/2) and the nuclear reflection (162) across T MIT , as measured on D2B by heating. In the low temperature monoclinic phase the doublet (-116)+(116) and the magnetic reflection (1/2 0 1/2) are clearly visible. At T MIT = T N = 130 K the P bnm reflection (162) is also observed, indicating a coexistence of the P bnm and P 2 1 /n phases at this temperature. For T ≥ 140 K the reflections corresponding to the monoclinic and the magnetic phases are absent, and only the P bnm phase subsists. These observations indicate that our sample is single phase at all the temperatures investigated with exception of T MIT = T N = 130 K. They also show that by heating at the present conditions, the temperature range of phase coexistence is restricted to a narrow temperature range in the vicinity of T MIT (±10 K).
The evolution of the pseudocubic lattice parameters and the monoclinic angle β between room temperature (RT) and 10 K is shown in Fig. 2c . The sharp anomalies displayed by a p = a/ √ 2, b p = b/ √ 2, and c p = c/2 at T MIT are consistent with the narrow phase coexistence region around the transition. However, their temperature dependence below T MIT is clearly not monotonic. This is more evident in a p and b p , which display a clear upturn around 80 K. This anomalous behaviour cannot be ascribed to phase coexistence, and suggests that the crystal structure keeps re-arranging well below T MIT .
In order to get a more detailed picture of the evolution of the crystal structure below the MIT we examined the temperature dependence of the different distortion mode amplitudes. According to the formalism described by Perez-Mato et al., 44 the crystal structure in the orthorhombic and monoclinic phases can be described as a superposition of distortion modes corresponding to the irreducible representations (irreps) of the undistorted parent structure. As input for AM P LIM ODES we used the cubic primitive perovskite lattice (SG P m−3m) with one PrNiO 3 formula per unit cell, and the non-standard P bnm and P 2 1 /n settings with Z = 4 and c as longest crystal axis for the orthorhombic and monoclinic structures. Note that, in contrast with most published structural data, we choose to locate the Ni atoms at the origin (see S2 and S3 supplementary files). The transformation from the high symmetry into the low symmetry setting is a = a p -b p , b = a p + b p , c = 2c p ; (0, 0, 0), the last vector indicating the origin of the low-symmetry cell expressed in the basis of the high-symmetry cell. In the next, a, b and c will denote the low-symmetry lattice parameters, either or P bnm or of P 2 1 /n.
Seven distortion modes corresponding to five different irreps are allowed in the case of P bnm (see supplementary material S1 and table I there). There are labelled R is an stretching mode acting on the basal oxygens. These three modes involve only oxygen displacements. In contrast, those associated to the R + 5 and X + 5 irreps allow both, oxygen and rare-earth displacements. A schematic representation of the seven Pbnm-allowed modes is shown in Fig. 3 .
In the case of the monoclinic space group P 2 1 /n, five further distortion modes are allowed. Three of them involve only oxygen displacements and correspond to the new irreps R Fig. 3 .
The evolution of the global mode amplitudes obtained from the Rietveld fits is shown in Fig. 3 . Above the MIT the largest values correspond to the R + 4 (∼ 1.06Å) and M + 3 (∼ 0.67Å) oxygen modes. The prime contribution of these two distortion modes to the Pbnm structure was predicted in the past from the rationalization of rigid octahedron tilting schemas in perovskites.
52-54 In Glazer's terminology, it can be expressed as a − b − c + (pseudocubic notation), the positive/negative signs meaning that the rotations are in phase/out of phase for successive octahedra along the same axis. More recently, such distortion has been also interpreted in terms of Landau Theory as the result of the condensation of two order parameters with k =(1/2 1/2 1/2) and k = (1/2 1/2 0).
42,43
Application of symmetry arguments shows that distortion modes belonging to other irreps and involving not only oxygen sites, but also rare-earth sites, are also possible, and this is indeed confirmed by our analysis. As shown in Fig. 3a , the amplitude of the praseodymium displacements of X . The coupling of these last two modes indicates that, in the metallic phase, the main impact in the rare earth displacements comes from the octahedral rotations around the c axis. Moreover, the pronounced temperature dependence of both modes suggest that they are the main responsible of the evolution of the crystal structure between RT and T MIT .
At T MIT all modes of P bnm parentage undergo sharp anomalies involving a ∼ 0.02-0.05Å amplitude increase by entering the insulating state. Interestingly, their temperature dependence below the MIT displays some important differences with respect to the behavior observed in the metallic state. As shown in Fig. 3a , none of the five amplitudes present a simple linear behaviour below T MIT . R , whose amplitude becomes nearly zero at 10K. The only purely monoclinic mode with nonzero amplitude at this temperature is the breathing mode R + 1 , which is also the only lowtemperature mode whose amplitude keeps growing below 80K.
These observations reveal several facts. The most obvious is that the coupling between the different modes changes below the MIT. If we group again according to their temperature dependence, it is easy to see that the new "secondary" mode of R that in the insulating phase, the main impact in the rare earth displacements below T MIT does not come anymore from the octahedral rotations around c, but from those around the b axis. We also note pronounced resemblances between M . Indeed, all these modes display an intriguing decrease of their amplitude below 80K, well below the initial jump at T MIT . Such behaviour, not reported previously for any member of the RNiO 3 family and consistent with the anomalies observed in the lattice parameters, suggests the existence of competing distortions in the insulating phase that persist down to T = 0.6 × T MIT . An interesting observation is that the breathing mode, whose amplitude also presents anomalous behaviour in the vicinity of T MIT , seems to be the winner of the competition: it is indeed the only mode whose amplitude keeps growing down to the lowest temperature investigated.
We address now the reasons that could lead to competition between different structural distortions in the insulating phase. One possibility could be just the difficulty to accommodate five new distortion modes of pure monoclinic symmetry in a orthorhombic perovskite framework which is already substantially distorted. There is however another possible scenario suggested by the approximate coincidence of the reentrant behaviour observed in the mode amplitudes with the temperature range were the existence of hysteresis in the transport properties and the persistence of non-zero DOS in the vicinity of E F has been reported. Given that the last two behaviours are absent in the nickelates with T MIT = T N , the apparent link between them and our observations suggests indeed the existence of a possible interplay between lattice and magnetic degrees of freedom in PrNiO 3 .
A possible mechanism able to provide such interplay could be the presence of magnetism-induced polar distortions. Such scenario has been theoretically predicted, 47, 48 and the value of the spontaneous electric polarization in the insulating antiferromagnetic phase estimated for several nickelates using ab-initio calculations. This prediction could not be verified to date due to the leaky nature of the early nickelates -the only available as thin films-, as well as to the absence of single crystals for the late (probably more insulating) members of the RNiO 3 family. However, it is worth noting that if this prediction turns out to be true, the actual symmetry of the crystal structure below T N should be lower due to the loss of the inversion center, and this will allow a larger number of symmetry-adapted distortion modes below T N . That would increase the number of candidates to display nonzero amplitude in the insulating phase, and could hence be at the origin of the observed behavior.
To summarize, we have investigated the emergence of the charge order in PrNiO 3 below the metal-to-insulator transition using high resolution neutron powder diffraction data analyzed in terms of symmetry-adapted distortion modes. Our results reveal that all mode amplitudes undergo an abrupt increase at the transition. Moreover, most of them display an anomalous temperature dependence in the insulating phase that persists down to T = 0.6 × T MIT ∼ 80K. Since phase coexistence is only observed in a small temperature region around T MIT (± 10K), these observations suggest the existence of a competition between the high and low-temperature modes that persists well below T MIT . Given that anomalous behaviour of the electric resistivity and the DOS around E F has been reported in the same temperature interval for the nickelates with T MIT = T N , our observations may be specific of the RN iO 3 compounds where the MIT and the transition to the Neel state coincide. If this is the case, the recently predicted existence of magnetismdriven polar distortions below T N could be at the origin of this intriguing behaviour. Moreover, it could provide an alternative to phase coexistence, invoked in several recent studies to account for the enhanced hysteresis of the transport properties in the nickelates with T MIT = T N . Although a definitive answer can only be provided by temperature-dependent diffraction studies for the nickelates with T MIT = T N , any future model of the MIT in RNiO 3 will have to address these novel experimental facts.
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